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The use of innovative material such as graphene could potentially contribute to the strengthening of 
today’s infrastructures, and further extending the service life of the infrastructures. Graphene material 
properties far exceed any other material and have been proven to be an advanced and durable material 
in structural applications. Since the discovery of graphene, the approach of utilising graphene combined 
with polymer matrices has been increasingly popular in today’s civil industry. This has provided an 
opportunity for engineers to conduct analysis on the effectiveness of using graphene platelet 
(GPL)/polymer nanocomposites layer as a reinforcement method for timber materials. 
  
The objective of this project was to analyse the structural behaviour of timber members reinforced with 
different ratios of graphene. Graphene was incorporated with polymer matrices to produce two ratio 
that would be used for testing. First ratio used for testing comprises of 0.25% graphene and 99.75% of 
epoxy, and the second comprises of 0.5% graphene and 99.5% epoxy. These ratios were applied to the 
timber members to conduct experimental testing, to obtain the materials modulus of elasticity (MOE) 
and modulus of rupture (MOR), which can describe the flexural modulus and strength of the timber 
material. It was assumed that the members reinforced with a higher graphene content should 
significantly increase the timber material resistance to bending, resulting in a reduction in deflection; 
furthermore, increasing the material yield strength, which also increases the stress level that the timber 
material can support without deforming.  
  
Contradictory to the project assumptions, the experimental results concluded that the timber members 
reinforced with a low content of graphene (0.25% graphene) perform significantly better compared to 
members reinforced with a higher content of graphene (0.5% graphene). The members reinforced with 
0.25% graphene can effectively resist deformation under the same loading condition, with a relatively 
low deflection compared to the members reinforced with a higher content of graphene. 
  
To validate the experimental results, Strand7 finite element (FE) software was used. A parametric study 
was conducted to investigate the effective material properties of GPL/polymer nanocomposites layers 
based on 0.5 and 0.25 percentages of weight fraction using the Halpin-Tsai micromechanics model and 
rule of mixture. The numerical results show a logical agreement between the control samples and the 
Strand7 models. However, the reinforced models show large differences when compared to the Strand7 
models. There are many possible reasons for this, which include modelling as an isotropic element and 
the indefinite material properties of the epoxy and graphene used for this research. Therefore, further 
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Chapter 1 Introduction 
  
1.1 Background information 
 
Significant population growth has placed considerable strain and demand upon government 
infrastructures and services. Some of these infrastructures include residential buildings, sports 
complexes, commercial structures, bridges, etc. which serve to provide safe passages and networking 
across Australia, especially on local roads, as they connect towns to the main highway infrastructures. 
Most of these timber infrastructures are currently in a deteriorating condition, and with an estimation 
of 33,500 timber road bridges currently in service due to the increase of traffic loads, construction 
methods and environmental locations (Salonen 2015). Due to this, it is optimal for the continuous 
development of these timber infrastructures. Without this improvement to public transportation, most 
of the associated growth in transport demand will become more congested. The Fremantle Traffic 
Bridge located in Western Australia is an example of the primary infrastructure in Australia that is at 
risk of closure. This is a result of the continuous deterioration of the critical timber components of the 
bridge supports (Infrastructure Australia 2019). 
 
The method used to monitor the deterioration process and failure mode within the timber structures 
base on the current maintenance system and routine inspection are inadequate due to the organic nature 
of the timber material. This has provided an opportunity for engineers to conduct in-depth analyses into 
different strength enhancement method that allow today’s infrastructures to be more sustainable, and 
further extend the service life of the structure (Salonen 2015). An alternative method of strengthening 
and enhancing timber structures can be achieved through the reinforcement of GPL/polymer 
nanocomposites. Graphene nanocomposites have proven to be an advanced and durable material in a 
structural application based on its mechanical properties. Since its discovery, the approach of 
strengthening infrastructures component using graphene nanocomposites with epoxy polymer has been 
increasingly popular in the modern civil industry. This is due to graphene being the strongest material 
to be tested, with a modulus of elasticity of 1 TPa, thermal conductivity of	5000	Wm;"K;" and tensile 
strength of 130 GPa (Wang et. al. 2011).  
 
Upon researching the use of fibre composites as reinforcement, André A & Kliger R (2009) identified 
that both the tension and compression side of the timber should be reinforced to fully optimise and 
increase the bearing strength and stiffness of the timber beam. This is supported through numerous 
studies and experiment, especially through Yusof, A & Saleh, A.L (2010) studies, which recognized 
the cause of failure for a timber beam during his experimental studies was due to the changes from 
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tension failure to the compression failure. This has suggested that once the tension side fails, the 
compression side follows closely, therefore reinforcing both sides should effectively increase the 
strength capacity of the timber beam. The topic of this research project would focus on investigating 
the structural behaviour of the timber members reinforced with different ratio of graphene-platelet 
(GPL)/polymer nanocomposites on the tension and compression side of each member. 
 
 
1.2 Challenges and Limitation 
 
Numerous research has been conducted to analyse the structural behaviour of a timber beam reinforced 
with fibre composites, such as carbon fibre or glass fibre, generating successful results, proving that it 
is possible to enhance the strength characteristics of the timber members. Whereas, graphene is an 
emerging technology with limited research into the characteristics of the GPL/polymer nanocomposites. 
Hence, it was challenging to determine the realistic mechanical properties to compute precise 
mathematical models that can predict the structural behaviour of the timber members. Also, no previous 
studies have established a theoretical study that can identify the bending behaviour of timber beam 
reinforced with nanocomposites; therefore, Strand7 FE model was developed to validate the 
experimental data’s.  
   
Initially, 24 timber samples were intended for testing with high variation between the cross-sectional 
area and graphene-epoxy ratio, which was predicted to provide a more accurate data’s. However, the 
problems lie with obtaining the required material for testing. The Graphene Manufacturing Group 
(GMG), which is founded by Craig Nicol is a global technology business that focuses on producing 
graphene for different applications to achieve the best applicable outcome. Different type of graphene 
is produced through GMG, which is known to be GMG X50, GMG X200 and GMG XE (Graphene 
Manufacturing Group 2019). For this study, GMG has generously provided GMG X50, which is most 
suitable for conductive applications, and furthermore help assisted in mixing 200 grams of graphene 
into the resin. One per cent of graphene (200 grams) could only be mixed into the resin because of the 
resin high viscosity that was observed during the mixing process. The material properties of graphene 
and epoxy used in this study is confidential and cannot be obtained from the manufacturers; therefore, 
the material properties for this research would be based on past literature. Additionally, the excessive 
costs of timber material made it hard to obtain the required 24 samples. Therefore, the test samples and 
ratio used for testing were limited to only 12 samples that consist of: 
  
• 3 of 70 mm by 45 mm MGP10 Structural Pine  
• 3 of 70 mm by 35 mm MGP10 Structural Pine 
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• 3 of 45 mm by 70 mm MGP10 Structural Pine 
• 3 of 184 mm by 19 mm Radiata Pine 
  
The graphene to epoxy ratio used was reduced to: 
  
• 0.5% Graphene and 99.5% Epoxy 
• 0.25% Graphene and 99.75% Epoxy 
 
 
1.3 Project Aims and Objectives 
 
This project aims to investigate the structural behaviour of the timber members reinforced with 
GPL/polymer nanocomposites, with the primary objective of identifying the effectiveness of the new 
method of design. This will include the analyses of each member’s flexural strength and modulus 
through flexural testing, which in return would determine the effectiveness of the reinforced 
GPL/polymer nanocomposites. To achieve this, the following objectives are defined as: 
  
1. Review the current standards of MGP10 timber in Australia and different type of reinforcement 
method involving the use of epoxy and graphene, in-order to gain an understanding of the 
current mechanical properties. 
2. Collecting timber material properties data from Australian Standards with the intent of using a 
representative set of data to predict the behaviour of reinforced timber members. 
3. Collecting structural performance data from testing of the timber members, and compare its 
effectiveness through analysing the ultimate loading and deflection, modulus of elasticity 
(MOE) and modulus of rupture (MOR). 
4. Conduct parametric studies to identify the effective material properties of the GPL/polymer 
nanocomposite. Then create a mathematical computer model using Strand7 to validate and 
predict the results obtained from the experiment based on parametric studies. 
5. Compare the ultimate deflection based on several loading conditions obtained from the model 
and experiment of the reinforced and non-reinforced timber members. 






1.4 Overview of the dissertation 
 
This dissertation consist of six chapters, which is organised as follows:  
 
Chapter 1 introduces the research topic and project background, underlying reason for the 
commencement of this research, and followed by the challenges and the objectives of this dissertation.  
 
Chapter 2 contains all the literature review on the past and current studies related to this 
research and the relevant Australian Standards.  Additionally, conduct a literature review on the 
available research on graphene and epoxy nanocomposites material properties, and the relationship 
between graphene and timber materials.  
 
Chapter 3 evaluates the effective material properties of the nanocomposites layers based on 
the material properties of graphene and epoxy, also identify the material properties of MGP10 timber 
obtained in Chapter 2. The material properties of the GPL/polymer nanocomposites layers, MGP10 and 
Radiata timber member would be used for FEA in Chapter 5. 
 
Chapter 4 investigates the experimental behaviour of the MGP10 members reinforced with 
different ratio of graphene-epoxy subjected to loading of 1 mm per minute.  
 
Chapter 5 discusses the development of convergence studies and bending analyses using 
Strand7 FE models that can stimulate the physical experiment. The models are subjected to several 
different loading conditions and are validated against the experimental data’s. Further analysis can be 
conducted on epoxy-based reinforcement to predict the bending behaviour of the members. 
 
Chapter 6 is the final chapter, which concludes the dissertation with a summary and 
conclusions of the major findings within this research project and suggesting further work/research 








Chapter 2 Literature Review 
  
2.1 Review of Graphene Nanocomposites in Civil Engineering Application 
 
2.1.1 Graphene Nanocomposites 
 
Graphene is a thin layer of 𝑠𝑝# fused carbon atoms that are arranged in a hexagonal lattice structure, 
which are the building blocks to produce a variety of carbon-based nanostructures as shown in Figure 
1. For example, the thin layer of graphene can be rolled up to produce a single-walled carbon nanotube 
(SWNT), whereas graphene platelets (GPL) comprised of one or more layers of graphene stacked 
together to form a two-dimensional sheets of carbon atoms. All nanostructures produce from graphene 
has exceptional mechanical properties due to the 𝑠𝑝# carbon-bonding network within the carbon-based 
nanostructures. Its exceptional mechanical properties far exceed any other materials, with a modulus of 
elasticity (MOE) of 1 TPa and ultimate strength of 130 GPa, this has proven to be 200 times stronger 
than that of steel, and 30 times harder than diamond. This is due to its high specific surface area, low 
electrical resistivity, high thermal conductivity, high strength, modulus, and the ability to be dispersed 
in a variety of different polymer matrices. The use of graphene-based nanofillers combined with high-
performance polymer has shown great potential for various engineering applications, such as 
electronics, green energy, aerospace and automotive industries (Anwar et. al. 2016).  
 
 
Figure 1: Structure of graphene (Gabriel 2018) 
 
Polymer composites reinforced with GPL are known to display significant improvement in mechanical 
and physical properties. It could also be noted that graphene has recently become the most preferable 
nanofillers used for reinforcement due to the low fabrication cost, better dispersion and the bonding 
ability within the polymer matrix due to the increased surface area. The understanding of the full 
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potential of using graphene in polymer composites remains a challenge in both laboratory and 
commercial scales. It was predicted that the main failure observed during an applied load is caused due 
to the poor dispersion of the fibre within the polymer matrix interface, resulting in a weakened adhesion 
and reduce stiffness in the graphene-polymer interfaces. Additionally, factors such as the structural 
defects and stability of timber materials can contribute to the behaviour of the graphene-polymer 
interface (Dhand et. al. 2013).  
 
It was found in Yasmin and Daniel (2004) research that the significant increases in tensile strength and 
elastic modulus of composites are due to the addition concertation of GPL. Additionally, it has been 
identified that at high nanofiller concertation, GPL demonstrates significant improvement in mechanical 
properties compared to carbon nanotube (CNT) composites (Rafiee et. Al. 2009). These findings have 
suggested the addition of GPL in an epoxy matrix should result in extraordinary deflection reduction. 
Furthermore, have contributed to the understanding of GPL reinforcement effect, however, most studies 
involving GPL mechanical properties are limited, due to the studies involving the mechanical behaviour 
of GPL nanocomposites still gradually being improved on.  
 
 
2.1.2 Mechanical Properties of Graphene Nanocomposites 
 
The mechanical properties of graphene are much stiffer and durable when compared to CNT. Besides 
the size and geometric property, the temperature is a significant contributing factor towards the 
mechanical properties of graphene. Zhao et. al. (2007) suggested that the MOE of graphene does not 
change drastically until the temperature exceeds 1200 K, beyond this point graphene becomes softer. 
An increase in temperature also means a decrease in fracture strength and strain. Other important factors 
that can influence the mechanical properties of graphene are through the number of layers within the 
composites. Note that the results shown in Table 1 are based on the Atomic Force Microscopy 
measurements and Raman spectroscopy analysis. Table 1 shows the mechanical properties of a single, 




Table 1: Mechanical properties of graphene with single, bilayer and trilayer (Wang et. Al. 2011) 
Material Mechanical Properties Method 
Monolayer graphene 𝐸 = 1 ± 0.1𝑇𝑃𝑎 AFM 
Graphene 𝜎 = 130 ± 10𝐺𝑃𝑎	𝑎𝑡	𝜀 = 0.25 Raman 





𝐸 = 1.04𝑇𝑃𝑎; 𝜎 = 126𝐺𝑃𝑎 
𝐸 = 0.98𝑇𝑃𝑎; 𝜎 = 101𝐺𝑃𝑎 
 
 
2.1.3 Manufacturing Processes of Graphene  
 
Over the past four decades, various attempt has been made to fabricate a large scale production of a 
pure and defect-free GPL. Numerous method such as epitaxial growth on metal carbide and chemical 
vapour deposition CVD method have shown promising results. These methods have been categorised 
into the ‘top-down” and “bottom-up” approach (Dhand et. al. 2013).  
 
2.1.3.1 Top Down 
 
Top-down approach uses the existing form of the bulk material and improves it to produce the final 
product. This approach is cost-efficient due to the trivial lab-scale project, whilst also limiting its quality 
control. During this process, graphene or reformed graphene sheets are either separated, sliced or 
exfoliation of graphite or its by-products such as graphite oxide (GO), or graphite fluoride (GF). 
Researchers have successfully fabricated a few graphene sheets on a micro and nanoscales, however, 
due to the high cost in production and low yields; a proper approach is still required for mass-scale 
production. Many mechanical approaches have been used to produce high quality and defect-free 
graphene such as exfoliation method, sonication and functionalization. It has been suggested by Potts 
et. al. (2011) that the process of intercalation of alkali metal between the GPL layers, which aims to 
increase the interlayer arrangement and weaken the interlayer relation between the graphene layers, in-
order to exfoliate the GPL through mechanical or thermal methods (Dhand et. al. 2013). 
 
2.1.3.2 Bottom Up 
 
The production of a high-quality graphene interface is achieved through the bottom-up approach. This 
approach is achieved through graphene growth via CVD on a metallic surface. This approach comes 
with a sequence of issues including costly production, possible damages in the carbon network and 
unfavourable effects on carrier flexibility. Though the bottom-up approach provides lesser defects 
compared to the top-down approach, the operation and procedure are much more complex, therefore 
making it hard to manage for mass production. However, this approach is the most widely used due to 





2.2 Review of Epoxy in Civil Engineering Application 
 
2.2.1 Polymer Matrix Resin 
 
Polymer matrix resin plays a major role in holding the reinforcement in place; it adapts to a harsh 
environment and can transmit the loading to the surrounding fibres when a fracture is detected. The 
Polymer matrix can be classified into two fundamental categories known as thermoplastics and 
thermosets (Masuelli 2013). The thermoplastics become soft due to the increased temperature, while 
hardening during low temperature. The thermoplastic material can be cooled and heated several times 
without any changes in its mechanical properties. Some well-known thermoplastics include acrylic, 
nylon, polystyrene and polyethene. On the other hand, thermosets are set at room temperature or higher 
and are hardened by curing, which is prompted by heat, high pressure or mixing with a catalyst. This 
has made thermoset resin the preferable matrix material used for polymer-based composites, mainly 
because of their simple process and low cost (Martinez 2016). The most common type of thermosets 
are polyesters, vinyl esters and epoxies, further properties of these materials are provided in Table 2 
(Huang 2004). For the purpose of this study, epoxy resin are chosen as the polymer adhesive combined 
with graphene nanocomposites for the experiment. 
 






















Polyester 1.2-1.5 2.8-3.4 40-90 100-120 1.4-3.3 2.50-4.00 
Vinyl ester 1.0-1.2 3.3-3.6 70-80 105-125 5.0-6.0 4.00-6.00 












2.3 Structural Behaviour of Timber and Australian Timber Grading System  
 
 
2.3.1 Stress-Strain Behaviour 
 
The stress to strain relationship for both wood and timber are similar with different compression and 
tension strength. The tensile strength of wood is significantly lower than timber due to the defects within 
the timber structure. When conducting a test to failure experiment for timber, the stress to strain 
relationship shows a linear result up until maximum loading, resulting in the failure of the specimen. In 
contrast, the axial compression testing for timber shows a more ductile relationship. Showing a linear 
relationship up to a relative limit, and anything beyond that limit would result in ductile yielding taking 
place (Gentile 2000). 
 
2.3.2 Size Effects 
 
Another behaviour that can contribute to the fracture of the timber is the size effect of the timber. To 
analyse this the brittle fracture theory proposed by Wiebull (1939) are used to analyse the effect of size 
with relation to the bending strength for the timber members. Assuming that at a region of low strength 
in the member, it would occur where the member has a large volume compared to a member with small 
volume. Therefore, the strength of a member could decrease where there is an increase in length and 
depth in the member. A statistical analysis of the data is described by Weibull distribution as shown in 
equation 1 (Barrett et. al. 1981). 
 









x			 = Strength 
xj 	= Location	paraeter	or	mimimum	strength 
m" = Scale	parameter 







2.3.3 Natural Defects Mechanism and Durability Class 
 
The durability of each timber can be classified into two types: 
 
• Natural Effect - The decay, insect and marine borer attack on hardwood. 
• Environmental Effect - The different type of environmental and the hazards the timber is 
exposed to. 
 
Based on the second class (environmental effects), the main effect that contributes to the defect of the 
timber structure is due to the moisture condition. Moisture is an essential aspect in the growth, health 
and most importantly, the main source of deterioration and decay of the timber material. Controlling 
moisture condition is essential because it influences the bending elastic modulus of the timber, ultimate 
strength and bending stiffness. Moisture can be calculated by comparing the dry mass of a timber 
specimen to the wet mass of the same specimen (Salonen 2015). Based on this information, different 
types of hardwood have been classified into their durability classes shown in Table 3. 
 
Table 3: Natural durability of hardwood is expressed as four durability classes (AS 5604-2005 and AS 
1720.1-2010) 
Class Durability Species 
1 Highly Durable Ironbark, Tallow-wood, Cypress, Turpentine, Forest red gum 
2 Durable Spotted gum, Blackbutt, River red gum, Western Cedar, Bark (yellow & 
white) 
3 Moderately Durable Brush box, Rose/flooded gum, Sydney blue gum, Silver topped stringy 
bark 
4 Non-Durable Douglas flr, Hoop pine, Radiata pine, Mountain ash/Tasmanian oak 
 




The timber’s strength indicates its capability to maintain stress without failure, it can be classified into 
seven different strength groups for unseasoned and eight for seasoned.  
 
- Unseasoned - S1 (strongest) to S7 (weakest) 




These strength groups are classified accordingly to the AS/NZS 2878:2000 Timber – classification into 
strength group. The different strength groups of seasoned and unseasoned timber are classified 
according to the mechanical properties of each timber conditions. Seasoned timbers are generally dry 




Structural Timber used in structural design is generally stress-graded, which is the classification of 
timber during structural applications. Stress graded timber can be identified through visual or machine 
grading methods. Both methods specify the stress limits applied to the timber that is used for structural 
applications. Timber that is used in a specific structural application must comply with the Australian 
Standards 2010 (QTimber 2016).  Stress grades can be identified by: 
 
-  ‘F’ grades from F4 to F34 
 
Table 4: Characteristic Values Design for F-Grades Timber as listed in AS1720.1:2010 Structural Timber 










- Machine graded pine from MGP, MGP10 to MGP15 
 
Table 5: Characteristic Values for Design stress Grades Timber as listed in AS1720.1:2010 Structural 
Timber - Design Methods Table H3.1. 
 
 
2.4 Analysis of Graphene Nanocomposites 
 
2.4.1 Graphene with Timber 
 
In a research conducted by Sheshmani et. al. (2013) which has successfully improved the mechanical 
and physical properties of wood polymer composites filled with graphene nanocomposites. This study 
focus on investigating the reinforcement effect of graphene nanoplatelets in wood polymer composites, 
in this case, wood flour has been used as the research species rather than raw timber. By adding 0.8 
w.t.% of graphene nanoplatelets into the wood polymer, the composites have increased the tensile and 
flexural strength compared to the unreinforced composites. With the further addition of 0.8 w.t.%, it 
has yielded further improvement in the reinforcing effect, which was believed to be the result of 
nanoparticle agglomeration (Sheshmani et. al. 2013).  
 
A study conducted by Macias et. al. (2018) identified that agglomeration of graphene sheets can cause 
unfavourable effects on the overall stiffness of the nanocomposites. Another depended variable that can 
contribute to the mechanical and physical properties of composites are the particle content, shape, size, 
surface interfaces and the degree of dispersion. Therefore the importance of incorporating an efficient 
and reliable dispersion technique is required to obtain the optimal results for reinforcing composites 
(Macias et. al. 2018).  
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2.5 Other Methods Used in Strengthening Timber Member Structures 
 
2.5.1 Reinforced Planks Connected by Dowels to Main Beam 
 
Various strengthening methods are available in reinforcing timber designs using either innovative or 
traditional methods. Traditional methods involved placing reinforced planks above the existing timber 
beam and fixing them with wooden dowels shown in Figure 2. The flexural strength of a timber bream 
has proven to be improved using this method. Furthermore, this method has been applied in numerous 
case studies, for example, the University of Padova has successfully adopted this method, and therefore 
has signified the reliability of this method (Valluzzi et. al. 2007). 
 
 




2.5.2 Strength Enhancement using Steel Plates Bonded to Beam 
 
One of the oldest technique used in reinforcing timber structure is the use of adhesive to bond the steel 
plates, aluminium sheet or rods, placed inside the beam, as shown in Figure 3. Borgin et. al. (1968) 
conducted research in the early 1960s, using epoxy to bond steel plates inside the beam in the 
compression zone. The experiment shows that the beam was only reinforced in the compression zone, 
while the tension zone of the beam suffered extraordinarily. Overal, the experiment still shows a 
satisfactory increase in stiffness and loading capacity on the reinforced beam (Nowak et. al. 2016). 
 
 





2.5.3 Fibre reinforcement polymer enhancement 
 
The approach of strengthening infrastructures component using fibre reinforced polymer composites 
(FRP) as an enhancement or substitute has also become increasingly popular in today’s civil industry. 
Mainly glass or carbon fibres are the preferable commercial material for thermosetting polymers, such 
as epoxy or polyester resins. These FRP composites continuously expand at an extraordinary rate, as 
this material can be located in almost all type of civil infrastructures such as bridges and buildings. This 
is due to the light weighted, non-corrosive, easily constructed, high specific strength and stiffness, and 
most importantly the new advance forms of FRP materials (Masuelli 2013). The aim of this is to 
improve the structural integrity of degraded materials with a simple and cost-efficient approach, such 
as using the FRP composites. 
 
Recently the FRP composites have proven success in bonding with reinforced concrete, pre-stressed 
concrete, cast iron, and steel and timber structures to repair and strengthen those structures. Numerous 
research has shown that FRP composites bonded with a different structural member can increase the 
structural stiffness and load capacity beyond the achievement of conventional methods. A research 
project ‘Bridging the Gap’ was conducted through the collaboration of CEEFC, CarbonLOC, Wagners 
CFT and QDTMR focusing on replacing degraded girders in existing timber bridges in Queensland. 
This has increased the Australian market of commercially feasible fibre composite bridge beams and 
satisfying the requirement of the load and performance criteria of stiffness and strength provided by 
QDTMR (Aravinthan & Manalo 2012). 
 
Plevris, N and Triantafillou T.C. (1992) have conducted research on the use of fibre composites from 
the department of a civil engineer at Massachusetts Institute of Technology, Cambridge MA. This 
research shows the analytical and experimental research on the FRP applied to the tension zone of the 
timber beam. Three-point bending test is conducted on the reinforced timber beam to yield the flexural 
strength and modulus of the members. A sudden rupture of the FRP was observed, immediately the 
wood shows a fracture in the tension zone, causing the specimen to collapse. This result shows that the 
FRP has successfully carried the loading of the specimen until rupture occurs causing the specimen to 
fail. This experiment had successfully enhanced the member’s strength, stiffness and ductility, by means 










Based on prior research, it can be seen that increasing the percentage of GPL would ultimately increase 
the tensile strength and elastic modulus of the composites. Additionally, prior research has investigated 
the bending behaviour of timber structures reinforced with materials, such as fibre-polymer, plank 
reinforcement and steel plate’s reinforcement, which has generated successful results. These past 
researches will enable the gathering of data to make reliable predictions on the behaviour of timbers 
reinforced with nanocomposites. This research will focus on determining the flexural strength and 
modulus of timber material reinforced with GPL/polymer nanocomposites. Further to this, the FEA is 
conducted to validate the experimental data’s. To achieve this, it was necessary to identify the material 
properties of the nanocomposites and timber materials used in this study. In-depth analyses are 
conducted throughout the next Chapter on the material properties of MGP10 and GPL/polymer 




























The objective of this research project is to investigate the ultimate flexural strength and stiffness of each 
MGP10 members reinforced with GPL/polymer nanocomposites layers through experimental 
procedures. Strand7 FE software was used to validate the results obtained from the experiment to 
guarantee a reliable analysis. To provide high accuracy of results, the material properties for timber and 
GPL/polymer nanocomposites layer has been determined.  
  
This chapter will focus on identifying the material properties for MGP10 structural pine of cross-
section; 70 mm by 45 mm, 70 mm by 35 mm and 45 mm by 70 mm. In addition to this, the effective 
material properties for GPL/polymer nanocomposites layer will also be determined. This was achieved 
by implementing micromechanics analyses based on the Halpin-Tsai model, which assisted in 
predicting the effective modulus of elasticity of the GPL/polymer nanocomposites. Rule of mixture was 
also used to obtain the Poisson ratio and effective mass density at a different percentage of weight 
fraction. These important findings will then be inputted into Strand7 FE software in Chapter 5. 
 
 
3.2 Timber Material Properties 
 
The evaluation of MGP10 timber elastic strength and elastic properties are required to model the timber 
member with precise accuracy. All members are modelled as an isotropic element; therefore, Strand7 
software requires the input of the thermal expansion K, Poisson ratio	𝑣, density 𝜌 and modulus of 
elasticity MOE. The elastic properties of MGP10 can be found in AS1720.1:2010 Structural Timber - 
Design Methods Table H3.1. As there is no explicit information on the Poisson ratio for MGP10 timber, 
another similar Australian grown pine specimen is known as the slash pine with a Poisson ratio of 0.444 
was used in this study instead (Green et. al. 1999). The timber properties that were selected for the 
purpose of this studies are presented in Table 6. Note that additional information on rolling shear 






Table 6: Timber material properties for Strand7 FE model. 
Material Property MGP10 
E 10 000 MPa 
G 670 MPa 
v 0.444 
ρ 500 (kg/m) 
K 5 𝐾;" 
 
 
3.3 Material Properties of GPL/polymer Nanocomposites 
 
Numerous research has suggested the use of graphene to increase the strength of the thermoplastic 
matrix, which can then be applied onto infrastructures as reinforcement. In most cases, combining 
graphene with epoxy composites has shown favourable results, leading to higher strength improvement 
compared to pure epoxy. In the least favourable resulting cases, it only showed minor decreases in 
strength, this might be due to the poor dispersion of graphene in the epoxy resin, and consequently, the 
results from the experiment will primarily be influenced by the dispersion of the GPL/polymer 
nanocomposites (Pal 2008).  
 
The material properties of GPL/polymer nanocomposites depend largely on the fillers properties, area 
of interface and the strength of the intermolecular interface. In-depth research has suggested the 
effectiveness of using the modified Halpin-Tsai micromechanics model to predict the elastic properties 
of nanocomposites materials, specifically for short fibre composites. Lewis and Nielsen considered an 
additional parameter, which is the aspect ratio of the fillers. As a result, this has further improved the 
prediction ability of the original Halpin-Tsai model (Young et. al. 2018). 
 
The effective modulus of elasticity of the GPL/polymer nanocomposites layer can be calculated using 










Reuss model have adopted 𝐸&and 𝐸' which are the longitudinal and transverse modulus, respectively, 
that fail to take into account any geometry of the reinforcement, therefore using Halpin-Tsai model, 



















𝑔* + (𝜌*/𝜌2)(1 − 𝑔*)
 
 
where 𝑔* is the weight fraction of fibre (graphene nanocomposites) and 𝜌* and 𝜌2 is the mass density 
of fibre and polymer (epoxy resin) (Villoria & Miravete 2007). 
 
The characteristics of geometry and size of the graphene nanocomposites fibres are given as: (Villoria 


































where 𝐸( are Young’s modulus of the epoxy matrix, 𝜂' and 𝜂& are the stress partitioning factors for 
the fibre and matrix respectively, 𝑙* is the average length, ℎ* is the average thickness and 𝜔* is the 




























3.4 Rule of Mixture 
 
Rule of mixture is a method used to predict the composite material properties as a weighted means. 
Through the practices of rule of mixture, the effective mass density (𝜌/) and effective Poisson’s ratio 




𝜌/ = 𝜌( ∗ 𝑉( + 𝜌* ∗ 𝑉* 
 
where;   
𝜌/, 𝜌(, 𝜌* – Densities of the Composite, matrix and dispersed phase  




𝑣/ = 𝑉*𝑣* + 𝑉(𝑣( 
 
where; 
𝑣*, 𝑣( – Poisson’s ratio of fibre material and matrix material, respectively. 
 
 
The GPL dimensions that would be adopted into the study are	𝑙* = 2.5	𝜇𝑚, 𝜔* = 1.5	𝜇𝑚 and ℎ* =
1.5	𝑛𝑚 (Rafiee et. al. 2009). The material properties of epoxy resin and graphene nanocomposites, as 
shown in Table 7, and GPL dimensions are based on previous literature from Yasmin & Daniel (2004) 
and Rafiee et. al. (2009), which will assist in determining a good approximation of the effective material 
properties of GPL/polymer nanocomposites. The materials properties that are used to calculate the 
effective material properties of GPL/polymer nanocomposites layers based on several percentages of 







Table 7: Material Properties of Epoxy and Graphene Nano-platelets 
Material Material Property 
 
Epoxy 
𝐸	(𝐺𝑃𝑎) 3.0 Yasmin & Daniel 2004 
Yasmin & Daniel 2004 








𝐸	(𝑇𝑃𝑎) 1.01 Rafiee et. Al. 2009 
Rafiee et. Al. 2009 










This chapter has successfully determined the methods to achieve the effective modulus of elasticity, 
effective mass density and effective Poisson’s ratio for GPL/polymer nanocomposites based on the 
Halpin-Tsai micromechanics model and rule of mixture, respectively. The effective material properties 
of GPL/polymer nanocomposites are calculated based on 0.25 and 0.5 per cent of weight fraction. The 
material properties for MGP10 structural pine member were obtained from the Australian Standards. 
These material properties are then used for FEA in chapter 5. The aim of obtaining the material 
properties of MGP10 and GPL/polymer nanocomposites is to accurately simulate the experiment 
results. The following chapter will focus on the preparation procedure of GPL/polymer nanocomposites, 
and conducting flexural testing to determine the bending behaviour for each member reinforced with 




















This chapter investigates the preparation procedure for the different graphene-epoxy ratio used in this 
experiment and determining the flexural strength, modulus, ultimate deflection, and loading of each 
member subjected to loading of 1 mm per minute, using the Sans Machine. This analysis contributes to 
the knowledge and framework of GPL/polymer nanocomposites as the new reinforcement material. For 
this study, The Graphene Manufacturing Group (GMG), located in Brisbane, provided graphene in a 
powder form. The epoxy resin (Jotacote 605) was obtained from Jotun, which is a worldwide company 
specialises in supplying paints and coatings (Jotun 2019). The safety data sheets for Jotacote 605 and 
graphene is shown in Appendix A. All MGP10 structural pine members were obtained from Bunnings. 
Note that a visual observation was undertaken, which identifies several defects within the timber 
members to be a contributing factor towards the experiment. These defects would be further discussed 
in this chapter. GMG assisted in mixing 1 per cent of graphene (200 grams of graphene) into the Resin 
(Part A) consisting of 2 Litres. Figure 4 show the hardener (Part B) and graphene/resin (Part A) that are 
used for this experiment.  
  
The objective of this experiment is to test all individual member with a cross-sectional area of; 70 mm 
by 45 mm, 35 mm by 70 mm and 45 mm by 70 mm reinforced with different graphene-epoxy ratio. The 
first ratio for testing is 0.5% graphene and 99.5% epoxy, and the second ratio for testing is 0.25% 
graphene and 99.75% epoxy. Based on previous literature on graphene, this experiment is predicted to 
yield effective results at a higher percentage level of graphene in the graphene/epoxy mix. In other 
words, using 0.5% graphene and 99.5% epoxy is expected to yield more effective results compared to 
the control samples and the members reinforced with 0.25% graphene. 
 
           
Figure 4 Jotacote 605 Fast Cure Comp B (Hardener) on the left and the Comp A (Resin) is shown on the 
right. 
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This experiment aims to determine the effectiveness through the structural behaviour of the MGP10 
and radiata members reinforced with GPL/polymer nanocomposites, the test samples are shown in 
Figure 5. To understand the structural behaviour of the reinforced members, three-point bending test is 
carried out to determine the deflection of the member at mid-span of the beam, subjected to a loading 
condition of 1 mm per minute. In return, the deflection that is obtained would provide an understanding 








4.2.1 Mixing and Diluting Graphene and Epoxy into Desired Ratio 
 
In order to obtain the correct ratio of graphene and epoxy needed for the experiment, equation 13 was 
used to dilute Ratio 1 (0.5% Graphene/ 99.5 Epoxy) and Ratio 2 (0.25 Graphene and 99.75 Epoxy)  
 
𝐶"𝑉" = 𝐶#𝑉# 
 
𝐶" is a concentration of graphene, 𝑉" is the volume of graphene needed to create the new solution, 𝐶# 
is the final concentration of the new solution and 𝑉# is the final volume of the new solution. Using this 
equation, the new concentration was calculated for the new ratio, as shown below (Bintzler 2018); 
 
Ratio 1: (0.5%Graphene/99.5%Epoxy) 
 
𝐶"𝑉" = 𝐶#𝑉# 
0.01 × 0.5 = 𝐶# × 1 





Mixing 0.5 litres of 1% graphene/resin and 0.5 litres of hardener would dilute the graphene down to 
0.5%, producing a total of 1 litre of 0.5% graphene and 99.5% epoxy.  
 
Ratio 2: (0.25%Graphene/99.75%Epoxy) 
 
𝐶"𝑉" = 𝐶#𝑉# 
0.01 × 0.25 = 𝐶# × 1 
𝐶# = 0.0025 = 0.25% 
 
Mixing 0.25 litres of 1% graphene/resin and 0.75 litres of hardener would dilute the graphene down to 
0.25%, producing a total of one litre of 0.25% graphene and 99.75% epoxy. Electric mixing paddles 
were used to mix ratio one and two proficiently at high speed to obtain the required solution, as shown 
in Figure 6. Note that the accurate method is to mix the product by volume at the same ratio; however, 
one percentage of graphene has been mix with the resin beforehand, through the assistance of GMG. 
This error is irreversible and has consequently resulted in an incorrect mix of 3:1 ratio between the 
graphene/resin and the hardener. Due to this reason, it was predicted that the experimental results would 
be affected due to the low amount of hardener within the 0.25% graphene solution. 
 
            
Figure 6: 0.25% Graphene and 99.75% Epoxy (on the left) and 0.5% Graphene and 99.5% Epoxy (on the 
right) 
 
The required quality of surface preparation for this experiment can vary depending on the area used, in 
this case when preparing the surfaces for painting; it is required to ensure that the surface is free from 
residual corrosion and is suitable for painting. The drying and curing time for Jotacote 605 Fast Cure is 
recommended to be four days at a substrate temperature of 23°𝐶, which means four days is the 
minimum time before the coating can be permanently exposed to the intended environment. The coating 
of ratio one and two were applied to the width of the members using a paintbrush; extreme care was 
taken into consideration to avoid excessive film thickness, as shown in Figure 7. Both sides of all 
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individual members used for testing was applied so the tension and compression side can be tested, 
using the Sans machine shown in Figure 8. 
 
          
Figure 7: Preparing and applying the nanocomposites coating to the timber materials.           
         
Figure 8: Ratio one and two fully coated on both side of the timber material 
           
4.2.2 Machine Testing 
 
After 4 days of sufficient curing time, all timber members shown in Table 8 with a span of 700 mm was 
subjected to three-point loading. This experiment was conducted to determine the flexural strength and 
modulus for the reinforced MGP10 structural pine, which is then used for Strand7 FE modelling. 
Table 8: All test samples with its cross section and graphene-epoxy ratio 
Sample 1 Solution 1 (0.5% Graphene) – 70 mm x 45 mm 
Sample 2 Solution 1 (0.5% Graphene) – 70 mm x 35 mm 
Sample 3 Solution 1 (0.5% Graphene) – 45 mm x 70 mm 
Sample 4 Solution 1 (0.5% Graphene) – 184 mm x 19 mm 
Sample 5 Solution 2 (0.25% Graphene) – 70 mm x 45 mm 
Sample 6 Solution 2 (0.25% Graphene) – 70 mm x 35 mm 
Sample 7 Solution 2 (0.25% Graphene) – 45 mm x 70 mm 
Sample 8 Solution 2 (0.25% Graphene) – 184 mm x 19 mm 
Sample 9 Control Sample – 70 mm x 45 mm 
Sample 10 Control Sample – 70 mm x 35 mm 
Sample 11 Control Sample – 45 mm x 70 mm 
Sample 12 Control Sample – 184 mm x 19 mm 
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The supports were placed 250 mm relative to the centre line of the loading, which leaves an overhang 
of 100 mm on both sides of the members. This would result in a simply supported beam with a distance 
of 500 mm between supports as shown in Figure 9 and 10. A 40 mm by 40 mm steel tube was placed 
in the centre line of the loading rig to distribute a bending load of 1 mm per minute constantly across 
the width of the member as shown in Figure 10.  
 
           
Figure 9: 100 mm overhang of the member           
           
Figure 10: 40 mm x 40 mm steel tube used in the experiment (on the left) and 500 mm from loading to 
support (on the right) 
               
The movement of the support was fixed using bolts shown in Figure 11 to ensure that the alignment of 
each sample does not vary relative to the central axis. The maximum deflection results were obtained 
electronically at the centre location of each member, which are then used to plot a load-displacement 
graph. All testing of members was undertaken until multiple failures were observed to obtain an 
accurate description of the pattern of loading and failure. 
 
 
Figure 11: Supports was placed 250 mm away from the centre line. Note that the support was bolted on 
the table to allow no movement. 
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Equation 14 describes the deflection behaviour of a rectangular beam subjected to three-point loading, 
as shown in Figure 12, behaving as an isotropic linear material (Hibbeler 2006). The theory to determine 
the flexural modulus (MOE) and flexural strength (MOR) are shown below, which would provide 







Figure 12: Three-point bending diagram (Beer, et. al. 2015) 
 
Modulus of Elasticity: 
 
Modulus of elasticity can be identified as the material resistance to bending, which can be determined 
through the load-deflection curve produce from the flexural testing (Engineers Edge 2019). The results 
from the testing were analysed through an excel spreadsheet, which was able to produce a load-
deflection curve. The load-deflection curve is then used to determine the slope for each sample, that can 
represent the linear portion of the graph, combined with equation 15, it was then possible to determine 










where;  L = The length between the span 
b = The width of the beam  
h = The depth of the beam.  
𝑃# = Maximum load applied in the linear portion of the load-deflection graph 
𝑃" = Minimum load applied in the linear portion of the load-deflection graph 
𝛿# = Deflection corresponding to 𝑃# 








Modulus of Rupture: 
 
Modulus of rupture, also known as flexural strength is defined as the maximum stress the material can 
support at its yielding point. It is measured in term of stress, which is given in equation 16 (Beer et. al. 
2015). 
 







where P is the load (force) at the fracture point. 
 
It was observed that there was an inconsistency in thickness when applying the nanocomposite layer 
onto the samples, which varies from 0.5 mm to 1 mm. In this study, the coating of GPL/polymer 
nanocomposites layer is assumed to be 1 mm on the top and bottom of each members, as shown in 
Figure 15a, b, c and d. Note that E1 is the GPL/polymer nanocomposites layer and E2 is the timber 
members used in the experiment. In order to consider the realistic MOE, it is necessary to identify the 
realistic depth of the reinforced member; therefore, the new depth that is to be used for analysis includes 
the nanocomposites layer are; 70 mm by 47 mm, 70 mm by 37 mm, 45 mm by 72 mm and 184 mm by 
21 mm. Furthermore, the applied load (P) is distributed evenly along the width of each members as 
shown in the Figure.  
 
Figure 13: The dimension of each timber used for testing and the location of the applied loads. 
(16) 
184 mm x 19 mm 
Radiata Pine 














4.3 Results and Discussion  
 
4.3.1 Defects within Timber 
 
It is well known that timber is a naturally grown material, and every natural material has some 
limitations. Most of the problems that lie within the timber members are due to the natural defects that 
can impact the strength of the timber member, which constitutes a major unpredictability during the 
experiment. As previously mentioned in the literature review, the most common type of defect presented 
in wood is known to be knots, twist and shakes. During the experiment, several knots were observed, 
as shown in Figure 15, especially, the presence of a dead knot, has affected the strength of timber 
members drastically. Crack propagation along the grain direction of each sample was greatly affected 
by the close vicinity of the knot, which resulted in a reduction of the member's fracture strength. 
 
   
   
   
   









Cracking on the members due to the weak section around the knots is visible in all of the samples, 
resulting in a reduction of MOE compared to the recommended value from the Australian Standards, 
which are discussed later on. 
 
4.3.2 Failure Mode  
 
The typical failure modes are shown in Figure 15, which is subjected to a loading of 1 mm per minute. 
The samples used in the experiment show the grain running parallel to the timber members. The loading 
applied to the central location of the members continues until the fibre stresses in the tensile zone reach 
the failure strength of the members and brittle fracture occurs. It was shown that there was a bearing 
deformation accumulated at the loading head, however, the stresses continued to increase at the central 
part of the members, quickly after, the maximum tensile strength of the members in the bottom fibres 
is reached and fast-growing cracks occurred. Comparatively, members with the cross-sections of 45 
mm by 70 mm exhibited a diagonal shear failure from the base support of the member, which could be 
restored to its original form again, after the load are released, as shown in Figure 15a, 15e and 15i. The 
other cross-sections cannot be restored to their original form after the first crack was observed. 
 
   
   








   
 
Figure 15: Cracks and failure mode observed after testing 
 
The failure mode for the members reinforced with 0.25% and 0.5% graphene experience a ductile 
behaviour, which shows numerous cracks until the point of rupture was reached, this can be supported 
by the load-deflection graph in Figure 16, 17, 18 and 19 below. In contrast to this, the member with 
cross-section 45 mm by 70 mm shows a brittle bending failure, which observed a very abrupt and rapid 
cracking with little evidence of ductility or plastic deformation before the fracture occurs. Additional 
















4.3.3 Un-reinforced (Control Samples) MGP10 Members 
 
An Excel spreadsheet was developed to determine the MOE and MOR for the control samples (Sample 
9, 10, 11 & 12) based on equation 15 and 16 that was discussed previously. The average MOE for 
MGP10 structural pine (samples 9, 10 & 11) and the radiata pine (sample 12) was determined to be 
6342 MPa and 4675.45 MPa, respectively, as shown in Table 9 and 10. In addition to this, the MOR for 
MGP10 structural pine and the radiata pine was calculated to be 56.9 MPa and 40.6 MPa respectively. 
These values would be used to compare against the members reinforced with 0.25% and 0.5% graphene 
to demonstrate the effectiveness of the reinforcement. 
 
 









Sample 9 (70 mm x 45 mm) 14.626 11.676 7898.555 77.3 
Sample 10 (70 mm x 35 mm) 6.906 11.286 7057.83 60.4 
Sample 11 (45 mm x 70 mm) 9.707 9.214 4069.587 33 
Sample 12 (184 mm x 19 mm) 3.599 27.949 4675.45 40.6 
 
 
Table 10 Average MOE and MOR for Control Samples. 




Sample 9 (70 mm x 45 mm)  
6342 
 
56.9 Sample 10 (70 mm x 35 mm) 















4.3.4 Reinforced MGP10 Members 
 
The ultimate load and MOR for the member reinforced with 0.25% and 0.5% graphene are presented 
in Table 11 and 12 respectively. Compared to the control samples in Table 9 and 10, all the reinforced 
members were significantly enhanced in flexural strength. The average flexural strength for the MGP10 
members reinforced with 0.5% and 0.25% graphene was calculated to be 61.2 MPa and 70 MPa, this 
shows that there is an average increase of 8% and 23% respectively, compared to the control samples. 
Similarly, the radiata member of cross-section 184 mm by 21 mm also displayed an increase of 20% 
and 26% respectively. In both cases, the members reinforced with 0.25% graphene can undergo a higher 
stress level before yielding, compared to the control samples and the 0.5% graphene members.  
  
The members that exhibit a higher flexural strength should result in a lower deflection to satisfy the 
initial assumption. However, Table 16 shows that the deflection for the MGP10 members reinforced 
with 0.5% graphene has an average increase of 36%, while the 0.25% graphene members only increased 
by 13.4%. Similarly, the radiata pine reinforced with 0.5% and 0.25% graphene displayed an average 
increase of 62% and 30% respectively, as shown in Table 15. These values indicate that, although the 
reinforced members exhibit an increase in flexural strength, it has failed to reduce its deflection, 
compared to the control samples. Furthermore, the results also imply that by applying a ratio of 0.25% 
graphene and 99.75% epoxy, as a reinforcement coating, it can effectively resist deformation under the 
same loading condition, with a relatively low deflection compared to the members reinforced with a 
higher content of graphene. Note that there is a 13% decrease in deflection for members with a cross-
section of 45 mm by 70 mm reinforced with 0.25% graphene, compared to the control samples. This 
has proven to be the most effective results, due to its high flexural strength and low deflection, compared 
to the control samples.  
  
Table 13 and 14 present the MOE results for the reinforced radiata and MGP10 members, respectively, 
compared against the control samples. The MGP10 members reinforced with 0.5% graphene shows an 
average MOE reduction of 6%; this proves that the member can easily deform but does not fail under 
the same load, compared to the control samples. In contrast, members reinforced with 0.25% graphene 
shows an improvement in MOE, which increased by 14%, meaning that it can withstand a higher 
loading with little deformation, compared to the control samples and the 0.5% graphene members. The 
material stiffness is dependent on the MOE, while the material strength is dependent on the material 
MOR. In-order to obtained favourable results, its necessary to increase the span to depth ratio of the 




Ultimate Load and Modulus of Rupture for Radiata Pine and MGP10 
Structural Pine Compared to the Control Samples 
 
 
Table 11: Comparing the MOR values between the Radiata Pine and Control Samples reinforced with 
0.5% and 0.25 Graphene. 























Table 12: Comparing the MOR values between the MGP10 Structural Pine and Control Samples 
reinforced with 0.5% and 0.25 Graphene. 















Sample 1 (70 mm 
x 47 mm) 








Sample 2 (70 mm 
x 37 mm) 
9.352 73.192 21 
Sample 3 (45 mm 
x 72 mm) 
10.82 34.787 5 
0.25% 
Graphene 
Sample 5 (70 mm 
x 47 mm) 








Sample 6 (70 mm 
x 37 mm) 
11.3 88.438 46 
Sample 7 (45 mm 
x 72 mm) 














Modulus of Elasticity for Radiata Pine and MGP10 Structural Pine 
Compared to the Control Samples 
 
 
Table 13: Comparing the MOE values between the Radiata Pine and Control Samples reinforced with 
0.5% and 0.25 Graphene. 














Table 14: Comparing the MOE values between the MGP10 Structural Pine and Control Samples 
reinforced with 0.5% and 0.25 Graphene. 











Sample 1 (70 mm x 47 mm) 6268.077  
5956.85 
-21  
-6 Sample 2 (70 mm x 37 mm) 8043.32 14 
Sample 3 (45 mm x 72 mm) 3559.147 -13 
0.25% 
Graphene 
Sample 5 (70 mm x 47 mm) 8170.832  
7205.04 
3  
14 Sample 6 (70 mm x 37 mm) 9423.65 34 
Sample 7 (45 mm x 72 mm) 4020.625 -1 
 
 
Ultimate Deflection for Radiata Pine and MGP10 Structural Pine 
Compared to the Control Samples 
 
 
Table 15: Comparing the Ultimate Deflection values between the Radiata Pine and Control Samples 










Sample 4 (184 mm x 21 mm) 45.327 62 
0.25% 
Graphene 
Sample 8 (184 mm x 21 mm) 36.326 30 
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Table 16: Comparing the Ultimate Deflection values between the MGP10 Structural Pine and Control 
Samples reinforced with 0.5% and 0.25 Graphene. 








0.5% Graphene Sample 1 (70 mm x 47 mm) 15.013 29  
36 Sample 2 (70 mm x 37 mm) 13.024 15 
Sample 3 (45 mm x 72 mm) 15.137 64 
0.25% Graphene Sample 5 (70 mm x 47 mm) 11.689 0.1  
13.4 Sample 6 (70 mm x 37 mm) 17.269 53 
Sample 7 (45 mm x 72 mm) 8.059 -13 
 
 
The load-deflection behaviour of the control samples and members reinforced with 0.25% graphene 
and 0.5% graphene are shown in Figure 16, 17, 18 and 19. Further inspection shows a non-linear and 
high deflection variation during the 0 kN to 1 kN region for all the reinforced members, excluding the 
0.5% graphene radiata member. Above the 1 kN region, all members experience a linear elastic fashion 
until ductile deformation occurs, resulting in the failure of the samples. However, the member with 
cross-section 45 mm by 70 mm shows very little plastic deformation resulting in a brittle behaviour. 
Note that the control samples for cross-section 70 mm by 35 mm also shows a brittle behaviour at the 
6.2 kN load shown in Figure 18. This sudden behaviour is due to the defect that is located at the centre 


















Note that the data’s collected from the experiment is included in Appendix D. 
 
 
Figure 16: Load deflection graph for reinforced members with cross-section 184 mm x 19 mm 
 
 




Figure 18: Load deflection graph for reinforced members with cross-section 70 mm x 35 mm 
 
 
Figure 19: Load deflection graph for reinforced members with cross-section 45 mm x 70 mm 
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4.3.5 Comparison of the Modulus of Elasticity obtained from Experiment and 
Australian Standards 
 
The average MOE obtained previously for the control samples in Table 10 is compared to the MOE 
from the AS1720.1:2010 Structural Timber, which is identified to be 10000 MPa, as shown in Table 
17. The values demonstrate a very poor consistency of individual control samples subjected to 
loading. The main contributing factor is due to the presence of defects within the timber, which is 
responsible for the high differences in characteristics, averaging to 44.8% differences between the 
MOE from the experiment and the MOE calculated based on the Australian standards. This has 
resulted in a difference of 4.5 mm, 4.1 mm and 7.2 mm for Sample 9, 10 and 11, respectively, as 
presented in Table 18.  
 
 
Table 17: Comparison between the average modulus of elasticity from the experiment and the modulus of 
elasticity from Australian standards. 
Samples Average MOE 
from Experiment 
(MPa) 










44.8 Sample 10 (70 mm x 35 mm) 
Sample 11 (45 mm x 70 mm) 
 
 
Table 18: Comparison between the deflection from the experiment and the deflection based on Australian 
standards. 








Sample 9 (70 mm x 45 mm) 11.676 7.165 4.5 
Sample 10 (70 mm x 35 mm) 11.286 7.191 4.1 










4.3.6 Maximum Deflection Limitation 
 







The limit must be considered to determine the allowable deflections that can occur within a member 
when it is subjected to a load. This study will identify the allowable deflection limit and stress limit for 
the MGP10 members. Using a deflection limit of span/250 would yield a deflection limit of 2 mm; 17 
MPa was taken as the bending stress limit from Australia Standard AS1720.1 – 2002 for MGP10 timber 
grade. The deflection limit (Table 19, column 2) and stress limit (Table 19, column 4) were adopted 
into equation 15 (MOE) and equation 16 (MOR), to generate a new load limit that can satisfy the 
deflection and stress limit, as shown in Table 19, column 3 and 4, respectively. The load limit for 
deflection and stress would serve as the limiting criteria, based on limits observed in the Australia 
Standards. 
  
The comparison between the deflection and bending stress obtained previously for the reinforced and 
non-reinforced samples, compared to the deflection limit and stress limit obtained from the Australian 
Standards in Table 19 below, demonstrated that all samples have reached its limiting design criteria. 
Further testing of a variety of samples may yield more consistent results. Due to the limited samples 
tested, the ultimate load defined in the experiment may not be the most accurate load that can cause the 
member to fracture, hence further testing of the members should be carried out to verify this assumption, 
and a factor of safety should be used in all calculations. 














load limit (kN) 
(5) 
Sample 1 (70 mm x 47 mm) 2 1.458 17 3.505 
Sample 2 (70 mm x 37 mm) 2 0.913 17 2.172 
Sample 3 (45 mm x 72 mm) 2 1.913 17 5.288 
Sample 5 (70 mm x 47 mm) 2 1.900 17 3.505 
Sample 6 (70 mm x 37 mm) 2 1.069 17 2.172 
Sample 7 (45 mm x 72 mm) 2 2.161 17 5.288 
Sample 9 (70 mm x 45 mm) 2 1.612 17 3.213 
Sample 10 (70 mm x 35 mm) 2 0.678 17 1.944 





It was predicted that applying a reinforcement of 0.5% graphene should effectively reduce the deflection 
and increase the loading capacity of each members. This prediction aims to increase the strength and 
stiffness of the members compared to the control samples. However, the results obtained from the 
experiment are contradictory to the initial predictions. It was found that, compared to the control 
samples, the radiata members reinforced with 0.5% and 0.2%% graphene has displayed an increase in 
deflection of 62% and 30%, respectively. Similarly, the MGP10 members also increase by 36% and 
13.4%, respectively. Although there is an increase in deflection, all the reinforced members still 
achieved a higher flexural strength, compared to the control samples. 
  
The MGP10 members reinforced with 0.25% graphene displayed a higher flexural strength (MOR), 
averaging to 70 MPa, which is an average increase of 23%, compared to the control samples. Similarly, 
for the radiata members, which also shows that the reinforced 0.25% graphene members exhibited a 
higher flexural strength of 51.3 MPa, hence an increase of 26% was displayed, compared to the control 
samples. A high MOR would also result in a high MOE. This gives rise to the MGP10 and radiata 
members reinforced with 0.25% graphene becoming stiffer, with an average MOE of 7205.04 MPa and 
5172.462 MPa, which is enhanced by 14% and 11%, respectively, compared to the control samples.  
  
Both radiata and MGP10 members have displayed an increased in flexural strength when reinforced 
with GPL/polymer nanocomposites, especially the 0.25% graphene layer, which shows more promising 
results for flexural strength and modulus. Three main contributing factors were predicted to cause this 
contradictory outcome. Firstly, during the mixing of the 0.25% graphene ratio, more resin was added, 
compared to the hardener, which could potentially be a contributing factor towards the effectiveness of 
using 0.25% graphene as a reinforcement solution. Defects is another contributing factor to the 
inconsistent results obtained from the experiment. During the experiment, several defects was observed 
to be on the tension side of the members reinforced with 0.5% graphene, this could significantly reduce 
the bending strength of the members. Therefore, the uncertainty about the defects within timber material 
has caused a high unpredictability while experimenting. Additionally, the inconsistent thickness of the 
GPL/polymer nanocomposites layers applied onto the timber has caused a variation in the results during 
the experiment.  
  
Wooden structure is widely used throughout the civil infrastructure industries. Aiming to achieve high 
flexural strength and high elastic modulus with low deflection characteristic within the timber members. 
By conducting a test on 12 samples, the flexural capacity test was performed and the experimental 
yields uncertainty in the results. The members used in this study, reinforced with the nanocomposites 
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displayed an improvement in flexural rigidity and flexural capacity compared to the control samples. 
However, as there are many errors and limitation in the testing and analysis of the timber members, 






































The experimental results must be validated to give confidence in further assumptions on the use of 
GPL/polymer nanocomposites. To verify the experimental results, FEA modelling was conducted to 
measure the deflection of a reinforced and non-reinforced (control samples) MGP10 and radiata 
member. The analysis was performed on Strand7 software, which can analyse beam, plate and brick 
elements using a variety of solvers. In this project, the main solver and elements used is the linear 
static analysis and brick element, respectively. 
  
The following procedure is adopted in conducting the FEA models: 
1. Create the geometric model using three-dimensional brick elements; 
2. Input the material properties; 
3. Apply restrains conditions (fixed and roller ends restraints); 
4. Apply a distributed load at the centreline of the model; 
5. Solve for linear static analysis; 
6. Conduct convergence studies on different mesh size until results start to converge on a 
specific mesh size;  
7. Check the model results and validate against the experimental results 
8. Repeat the procedure on the same cross-section used in the experiment, to replicate the 
experimental test data (70 mm x 45 mm, 70 mm x 35 mm, 45 mm x 70 mm and 184 mm x 19 
mm); 
  
The effective material properties of the GPL/polymer nanocomposites layer were calculated 
previously using the Halpin-Tsai model and rule of mixture based on the material properties of epoxy 
and graphene, as shown previously in chapter 3, Table 7. These values would be entered into the 
model with the reinforcement placed at the top (compression) and bottom (tension) of the members as 










 Figure 20: Reinforcement setup for Strand7 FE 
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The material properties of the MGP10 members that would be used in the FEA were discussed earlier 
in Chapter 3, which included the density, Poisson ratio and thermal expansion obtained from the 
Australian Standards, as shown in Table 21, column 3, 4 and 5 below. The FEA was conducted on a 
loading condition of 2, 4, 6 and 8 kN, which was all in the elastic portion of the load-deflection curve. 
Using equation 15, the MOE for each member can then be determined based on the loading condition 
and the corresponding deflection values, which can be obtained from the experimental data’s. The 
calculated MOE is shown in Table 20, column 2. All samples were modelled with consistency in 
material properties from the control sample and is coated with reinforcement, to simulate the 
experimental test data. Note that the MOE for the member with cross-section 70 mm by 35 mm was 
neglected at the 8 kN region in this FEA because its ultimate load only reaches 6.9 kN. The table 
represents the mechanical properties of the GPL/polymer nanocomposites layer used in this FEA for 
the 0.5 and 0.25 w.t. % GPL, using the Halpin-Tsai micromechanics model. The data’s for different 
w.t.% of GPL are calculated and shown in Appendix C. 
 






Modulus of Elasticity for 











2 70 x 45 5327.981 0.444 500 	3.5 × 10; 
70 x 35 8306.604 0.444 500 	3.5 × 10; 
45 x 70 3697.934 0.444 500 	3.5 × 10; 
4 70 x 45 6540.826 0.444 500 	3.5 × 10; 
70 x 35 8522.470 0.444 500 	3.5 × 10; 
45 x 70 3759.738 0.444 500 	3.5 × 10; 
6 70 x 45 6788.562 0.444 500 	3.5 × 10; 
70 x 35 8392.526 0.444 500 	3.5 × 10; 
45 x 70 3937.671 0.444 500 	3.5 × 10; 
8 70 x 45 7031.329 0.444 500 	3.5 × 10; 
70 x 35 N/A 0.444 500 	3.5 × 10; 
45 x 70 3890.693 0.444 500 	3.5 × 10; 
 
Table 21 Graphene/Epoxy material properties for different ratios used 








Graphene/Epoxy 0.5% 7992.9 0.33913 1199.2 0 
0.25% 5496.4 0.33956 1199.6 0 
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5.2 Methodology and Results 
 
5.2.1 The Use of Isotropic Element 
 
Wood can be classified as an orthotropic material, the modulus of elasticity 𝐸" in the grain direction 
will generally be larger than the transverse direction (𝐸# and 𝐸), which means the wood is strongest in 
its direction. When 𝐸" ≠ 𝐸# ≠ 𝐸, the material is then considered to be orthotropic. Orthotropic 
materials have three distinctive directions with different properties along with each principal directions, 
as shown in Figure 21. On the other hand, an isotropic material will have the same mechanical properties 
in all directions (Gillia 1972). To obtain the highest degree of accuracy, the timber members are required 
to be modelled as three-dimensional orthotropic elements. However, the three required modulus is not 
available due to no prior studies being carried out in this specific field. Based on the assumption that 
𝐸" is the dominant MOE that contributes to bending, this assumption is reasonable for the MGP10 
members to be modelled as a three-dimensional isotropic element to undertake a good approximation 
of the deflection. 
 
Figure 21: Diagram of an orthotropic material (Gillia 1972) 
 
5.2.2 Convergence Study 
 
The accuracy of the results depends on the element size and the total number of elements that is 
considered during the modelling procedure, which forms the basis of convergence studies. Convergence 
studies focus on identifying the number of elements needed, to ensure the results from the FEA are not 
affected by the changes in mesh sizes (Gu & Conte 2003). In the study conducted, an initial mesh size 
of 40 mm by 10 mm by 5 mm was examined on members with a cross-section of 70 mm by 45 mm, 70 
mm by 35 mm and 45 mm by 70 mm. Loading of 200 kN was subjected to each model, which is 
distributed evenly across the centre line with restraints on both sides of the member. Based on Chapter 
3, the mechanical properties of the MGP10 timber member, such as modulus of elasticity 10 000 MPa, 
Poisson’s ratio 0.444 and density 500 𝑘𝑔/𝑚 were used for this convergence study. It was 
acknowledged that the results start to converge at a mesh size of 80 mm by 20 mm by 15 mm for all 
control samples, reinforced and non-reinforced members, as shown in Table 22, 23 and 24. 
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Convergence Studies Conducted on Difference Size Meshes for Control 
Samples and Reinforced Members 
 
 
Table 22: Convergence studies for non-reinforced Strand7 model with different mesh sizes conducted on 




Maximum Deflection (mm) (for P = 200 kN, E = 10000 MPa) 
Mesh Size (mm) (𝒙 × 𝒚 × 𝒛) − (𝑩 × 𝑨 × 𝑪) 
40x10x5 60x15x10 80x20x15 100x25x20 
70 x 45 101.6 102 102.1 102.2 
70 x 35 212.9 213.3 213.5 213.6 
45 x 70 44.3 44.8 45.1 45.3 
 
 
Table 23: Convergence studies for 0.5% graphene reinforced Strand7 model with different mesh sizes 
conducted on a simply supported MGP10 member with cross-section of 70 mm x 45 mm, 70 mm x 35 mm 
and 45 mm x 70 mm. 
MGP10 Cross 
Section (mm) 
Maximum Deflection (mm) (for P = 200 kN, E = 10000 MPa) 
Mesh Size (mm) (𝒙 × 𝒚 × 𝒛) − (𝑩 × 𝑨 × 𝑪) 
40x10x5 60x15x10 80x20x15 100x25x20 
70 x 45 91.3 92 92.2 92.3 
70 x 35 184.9 186.5 186.7 186.8 
45 x 70 41.8 42.3 42.6 42.8 
 
 
Table 24: Convergence studies for 0.25% graphene reinforced Strand7 model with different mesh sizes 
conducted on a simply supported MGP10 member with cross-section of 70 mm x 45 mm, 70 mm x 35 mm 
and 45 mm x 70 mm. 
MGP10 Cross 
Section (mm) 
Maximum Deflection (mm) (for P = 200 kN, E = 10000 MPa) 
Mesh Size (mm) (𝒙 × 𝒚 × 𝒛) − (𝑩 × 𝑨 × 𝑪) 
40x10x5 60x15x10 80x20x15 100x25x20 
70 x 45 94.4 95 95.3 95.6 
70 x 35 192.8 194.3 194.5 194.7 
45 x 70 42.7 43.3 43.7 43.9 
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Figure 22: Three-dimensional brick element model of a non-reinforced (control samples) MGP10 
member 
 
Three-dimensional brick elements modelling are predicted to yield more accurate results compared to 
one and two-dimensional plate element models. The member geometric model was assembled into four 
nodes, spaced length (L) and width (W), using quard4 and extruded in the z-direction by depth (D). It 
was found that a higher number of brick elements would generate a more accurate stress distribution 
results. Furthermore, different mesh sizes can be used for convergence studies and were shown that the 
convergence starts at a mesh size of 80 mm by 20 mm by 15 mm. The model was then subdivided 
according to the converge mesh size, 80 times in the x-direction, 20 times in the y-direction and 15 
times in the z-direction, which resulted in 24000 brick elements.  
  
Translational restraints in the x, y and z (fixed end) was applied on one side of the beam while the other 
side was restrained in the z-direction only (roller end), this restrains at the nodes stimulate a simply 
supported beam. Material properties were then assigned in the model according to the timber material 
properties in Table 20. A resultant force of 2 kN, 4 kN, 6 kN and 8 kN was applied at the centre line of 
the model. Figure 23, 24 and 25 show an example of an MGP10 member at a cross-section of 70 mm 
by 45mm, 70 mm by 35mm and 45 mm by 70 mm subjected to loading of 8 kN. The maximum 






Strand7 Models of the Control Samples for the MGP10 members 
 
 
Figure 23: Non-reinfroced (control sample) MGP10 with 70 mm x 45 mm subjected to 8 kN 
 
 
Figure 24: Non-reinfroced (control sample) MGP10 with 70 mm x 35 mm subjected to 8 kN 
 
 
Figure 25: Non-reinforced (control sample) MGP10 with 45mmx70mm subjected to 8 kN 
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5.2.3.1 Results and Discussion 
 
Three-dimensional elements modelling has provided an advantage in predicting the accuracy of the 
relationship between the load and deflection, due to its in-depth description of stress distribution within 
the element. The members are modelled as a three-dimensional isotropic element due to the high degree 
of accuracy compared to the experimental data’s. Table 25 compares the maximum central deflection 
for the control samples obtained from Strand7 model with those obtained from the experiment for the 
specified cross-section and loading. Logical results were achieved between the methodologies, with the 
highest variation between the model and experiment to be 0.5 mm at the 8 kN region. Note that the 
MGP10 timber members of cross-section 70 mm by 35 mm are excluded from this FEA because its 
ultimate load was observed to be lower than the 8 kN limit required for analysis. 
  
Logically the MOE that is used for this FEA should be calculated using the linear proportion of the 
load-deflection curve because the load does not affect the MOE of the material, and thus should be 
constant throughout the FEA for each cross-section. This study has considered different MOE for each 
loading condition based on the loading and corresponding deflection, which is obtained using equation 
14 in chapter 4. This method is considered reasonable due to the load-deflection graph shown in Figure 
26, which exhibits a relatively linear relationship and the intersection point are close to zero 
(preliminary load), which has proven to be sufficient for this FEA. Note that the loading condition (2, 
4, 6 and 8 kN) selected for this study was all located in the elastic portion of the load-deflection graph. 
  
The non-reinforced MGP10 members were modelled as an isotropic element due to the assumption that 
𝐸" is the dominant MOE during bending. This is the reason for the slight difference observed between 
the model and the experimental data’s, which fails to consider the MOE in all three directions of the 
material. This could be seen in Figure 26, which shows the load-deflection graph for the non-reinforced 
MGP10 members. The graph identified a difference of 0.1 millimetres between the experiment and 
modelled data at the 2 kN region for all members. However, as the load increases, the load-deflection 
relationship starts to be non-linear for all members. The highest difference was observed for the 









Table 25: Maximum deflection results obtained from experiment and Strand7 at different loading of 2 











2 70 x 45 1.839 1.917 0.1 
70 x 35 2.507 2.570 0.1 
45 x 70 1.095 1.219 0.1 
4 70 x 45 2.996 3.123 0.1 
70 x 35 4.887 5.010 0.1 
45 x 70 2.154 2.398 0.2 
6 70 x 45 4.33 4.513 0.2 
70 x 35 7.444 7.632 0.2 
45 x 70 3.085 3.435 0.4 
8 70 x 45 5.574 5.81 0.2 
70 x 35 N/A N/A N/A 
45 x 70 4.163 4.635 0.5 
 
 
Figure 26: Comparison between the experimental results and Strand7 models for cross-section of 70 mm 
































Figure 27: Three-dimensional brick element model of a reinforced MGP10 member 
 
 
Three-dimensional modelling elements were also used to model the reinforced MGP10 members with 
0.25% graphene and 99.75% epoxy, and 0.5% graphene and 99.5% epoxy, as shown in Figure 27. The 
same quantity of brick element was used and combined with one layer of one millimetre of 
nanocomposite coating on the top and bottom of the members, which resulted in 27 200 brick elements. 
Mechanical properties for the MGP10 members and different w.t. percentage GPL was inputted into 
the model as shown in Table 20 and Table 21, respectively. The restraints conditions and force applied 
are identical to the non-reinforced model, however, the force and restraint were placed on top of the 
coated reinforcements. Figure 28, 29 and 30 show an example of three members of cross-section 70 
mm by 45 mm, 70 mm by 35 mm and 45 mm by 70 mm reinforced with a coating of 0.5% graphene 










Strand7 Models for MGP10 members Reinforced with 0.5% Graphene 
 
 








Figure 30: MGP10 45 mm x 70 mm – 0.5% Graphene-99.5%Epoxy 
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5.2.4.1 Results and Discussion 
 
To verify the model, the deflection results from Strand7 models were to be compared against the 
corresponding values obtained from the experiment for the same loading condition as presented in Table 
26 and 27. The comparison of the deflections values obtained from Strand7 models and the experimental 
results, ranges from 0.1 mm to 0.9 mm for the 0.25% graphene members and 0.7 mm to 2 mm for the 
0.5% graphene members. Although there is a slight variation in deflection observed for the members 
reinforced with 0.25% graphene, it was still considered reasonable to validate the model. However, the 
members reinforced with 0.5% graphene shows a slightly higher variation in deflection. This 
relationship can be seen in the load-deflection graph in Figure 31 and 32, which shows a relatively 
linear relationship and close vicinity of the preliminary load (0 kN). The variations observed between 
the two methodologies for 0.25% and 0.5% are affected by several factors, mainly because of the use 
of the isotropic elements and the material properties of the nanocomposites. 
  
Previously, the control samples have been assumed to be sufficient for validation between the two 
methodologies due to the low variation observed, despite the use of isotropic element; which only 
consider the MOE in the direction parallel to the grain, the results still achieve a reasonable linear-
deflection relationship. For this reason, it can be assumed that the differences in deflection observed 
from the reinforced models, is not mainly because of the use of isotropic element but the inaccurate 
material properties of the GPL/polymer nanocomposites used in this study. The material properties of 
the graphene and epoxy resin that was supplied by GMG and Jotum are confidential and cannot be 
provided for this study, therefore the material properties for graphene and epoxy were based on a study 
conducted by Yasmin and Daniel (2004) and Rafiee et. al. (2009). Note that the timber model with a 












Table 26: Central deflections in simply supported MGP10 members reinforced with 0.25% Graphene and 













2 70 x 45 2.064 1.681 0.4 
70 x 35 2.718 2.3 0.4 
45 x 70 2.041 1.565 0.5 
4 70 x 45 3.149 2.805 0.3 
70 x 35 4.622 4.493 0.1 
45 x 70 3.023 2.142 0.9 
6 70 x 45 4.169 4.07 0.1 
70 x 35 6.462 6.833 0.4 
45 x 70 3.903 3.084 0.8 
8 70 x 45 5.127 5.258 0.1 
70 x 35 N/A N/A N/A 
45 x 70 4.774 4.157 0.6 
 
 
Table 27: Central deflections in simply supported MGP10 members reinforced with 0.5% Graphene and 












2 70 x 45 2.343 1.591 0.8 
70 x 35 2.934 2.191 0.7 
45 x 70 2.078 1.033 1 
4 70 x 45 3.779 2.677 1.1 
70 x 35 5.177 4.075 1.1 
45 x 70 3.036 2.038 1 
6 70 x 45 5.087 3.894 1.2 
70 x 35 7.318 6.517 0.8 
45 x 70 4.182 2.94 1.2 
8 70 x 45 6.333 5.032 1.3 
70 x 35 N/A N/A N/A 




Load-deflection characteristics between the Strand7 model and experimental data’s are shown in the 
Figure 31 and 32.  
 
 
Figure 31: Comparison between the experimental results and Strand7 models for cross section of 70 mm 




Figure 32: Comparison between the experimental results and Strand7 models for cross section of 70 mm 





















































5.2.5 Developing the reinforced and non-reinforced (control samples) models for the 
MGP10 and radiata members. 
 
 




Figure 34: Three-dimensional brick element model of a reinforced (control samples).  
 
The same methodology was applied to the analysis for the reinforced and non-reinforced radiata model. 
The geometric model was constructed with the same mesh size of 80 mm by 20 mm by 15 mm, and 
dimensions of 184 mm by 19 mm and a length of 500 mm. The MOE values shown in Table 28 was 
used in this analysis, which was calculated using equation 15. This equation parameter is based on the 
loading and corresponding deflection obtained from the control samples of the radiata members in the 
experiment. The radiata pine has a density of 500 𝑘𝑔/𝑚 in 30 to 40 years period and about 405	𝑘𝑔/𝑚 
during the 10 to 20 years period (KiwiLumber 2014). Due to not knowing the exact age of the radiata 
used in this experiment, it was assumed that the radiata members have a maximum density of 500 kg/m3 
and Poisson ratio of 0.444. Note that the radiata member’s maximum loading for the control samples is 
3.599 kN, 5.546 kN and 5.273 kN respectively. For this reason, the analysis of the radiata model would 
be conducted on loading of 1, 2 and 3 kN, which is within its loading region. 
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Table 28: Material properties of radiata members that would be used in the FEA 
Load, P (kN) MOE of Control Samples from 
Experiment (MPa) 
Poisson ratio Density  
(𝐤𝐠/𝐦𝟑) 
1 4057.215 0.444 500 
2 4368.593 0.444 500 
3 4369.621 0.444 500 
 
 
5.2.5.1 Results and Discussion 
 
Table 29 compares the maximum central deflection of a simply supported 184 mm by 500 mm with a 
depth of 19 mm radiata member subjected to loading of 1, 2 and 3 kN obtained from Strand7 with those 
determined from the experimental data’s. The differences between the Strand7 model and the 
experiment for the control samples are slightly higher compared to the previous studies on the MGP10 
member, however, the comparison still achieved a reasonable agreement between the methodologies. 
In contrast, the reinforced members displayed very high differences, which was due to the uncertainty 
of the material properties for the radiata member and the GPL/polymer nanocomposites. Further 
understanding of the precise material properties used for testing will enable a more accurate modelling 
result. 
 
Table 29: Comparison between Strand7 models and experimental data’s for the control samples, and the 
reinforced 0.25% and 0.5% graphene, based on the loading condition of 1, 2 and 3 kN. 
Maximum 
Loading 






1 Control Sample 6.103 6.286 0.1 
0.25% Graphene 4.22 3.269 0.9 
0.5% Graphene 4.431 3.038 1.4 
2 Control Sample 11.336 11.675 0.3 
0.25% Graphene 7.595 6.034 1.5 
0.5% Graphene 8.451 5.885 2.6 
3 Control Sample 17 17.508 0.5 
0.25% Graphene 11.324 9 2.3 





5.2.6 Developing the reinforced epoxy based radiata and MGP10 members 
 
As there was limited resources available to experiment with pure epoxy base reinforcement, FEA was 
carried out instead to undertake a prediction of the possible outcome of using pure epoxy as a 
reinforcement method compared to GPL/polymer reinforcement method. A three-dimensional brick 
element model was used to predict the flexural strength and modulus of the reinforced epoxy based 
members. The material properties for epoxy based reinforcement used in this modelling were shown 
previously in chapter 3, Table 7, which includes MOE of 3000 MPa, Poisson ratio of 0.34 and density 
of 1200 𝑘𝑔/𝑚. The MOE used for the members would be based on the control samples obtained 
during the experiment for the MGP10 and radiata members. These control samples would be reinforced 
with one layer of one millimetre coated epoxy on the compression and tension side of each member of 
cross-section 70 mm by 45 mm, 70 mm by 35 mm, 45 mm by 70 mm and 184 mm by 19 mm. 
 
5.2.6.1 Results and Discussion  
 
Comparison for the Radiata members 
 
Table 31 present the calculated MOE based on the deflection and loading acquired from the model as 
shown in Table 30. Compared to the control samples, the radiata members displayed an average 
decrease in deflection of 17%, which resulted in a MOE increase of 21%. This result has concluded that 
the 184 mm by 19 mm radiata member can resist deflection or bending under the same applied load 
compared to the control samples. 
 
Table 30: Deflection results comparison between the epoxy base reinforcement and the control samples of 











184 mm x 19 mm 
4.988 -18.270  
-17 2 9.404 -17.043 




Table 31: MOE results comparison between the epoxy base reinforcement and the control samples of 
cross-section 184 mm x 19 mm plank. 
Maximum 
Loading (kN) 













21 2 5266.096 20.544 
3 5267.216 20.542 
 
 
Comparison for the MGP10 members 
 
Table 32 compares the maximum central deflection of a simply supported MGP10 member of cross-
section 70 mm by 45 mm, 70 mm by 35 mm and 45 mm by 70 mm subjected to loading of 2, 4, 6 and 
8 kN to those of the control samples with the same cross-section observed during the experiment. It was 
observed that model with cross-section 70 mm by 45 mm and 70 mm by 35 mm also displayed a 
decrease in deflection, compared to the control samples. Note that the model with a cross-section of 45 
mm by 70 mm showed a deflection increase when compared to the control samples.  
  
Table 33 presents the MOE values calculated using equation 15 based on the loading and corresponding 
deflection obtained in Table 32 at each loading condition. This value was then compared against the 
MOE of the control samples obtained from the experiment to identify the enhancing ratio of each 
member. It is worth noting that the cross-section 45 mm by 70 mm had failed to show its effectiveness 
due to its high deflection and low MOE when compared to the control samples. Based on these results, 
it was assumed that the main contributing factor towards this undesirable results for the member of 
cross-section 45 mm by 70 mm is due to the low content of GPL/polymer nanocomposites applied on 
the width of the member, compared to the members that has a larger width. Since the member of cross-
section 45 mm by 70 mm has a much larger depth compared to the other samples, it’s required to have 
a thicker layer of GPL/polymer nanocomposites to reduce its deflection, which would significantly 
improve its flexural strength. Overall, members of cross-section 70 mm by 45mm and 70mm by 35 mm 
reinforced with epoxy-based coating displayed logical prediction for the effectiveness of using epoxy 






Table 32: Deflection results comparison between the epoxy base reinforcement and the control samples of 











70 x 45  
2 
1.785 -2.936  
-2 70 x 35 2.419 -3.510 
45 x 70 0.819 -25.205 
70 x 45  
4 
2.951 -1.502  
0.1 70 x 35 4.724 -3.335 
45 x 70 2.266 5.200 
70 x 45  
6 
4.275 -1.270  
0.2 70 x 35 7.188 -3.439 
45 x 70 3.257 5.575 
70 x 45  
8 
5.515 -1.058  
2.2 
 
70 x 35 N/A N/A 
45 x 70 4.391 5.477 
 
 
Table 33: MOE results comparison between the epoxy base reinforcement and the control samples of 




















13 70 x 35 8608.787 3.638 
45 x 70 4944.125 33.700 





0.01 70 x 35 8816.535 3.450 
45 x 70 3573.908 -4.943 





-0.14 70 x 35 8691.425 3.561 
45 x 70 3729.725 -5.281 





-2 70 x 35 N/A N/A 





Comparison for the MGP10 and Radiata members reinforced with 0.25% and 0.5% 
graphene and epoxy based. 
 
The comparison between the epoxy-based coating against the GPL/polymer reinforcements for the 
MGP10 and radiata members is shown in Table 34 and 35, respectively. This comparison shows that 
using GPL/polymer nanocomposites as a reinforcement resulted in a more effective solution for the 
MGP10 members, bringing about an increase in MOE of 6.8% and 22% for the 0.25% and 0.5% 
graphene, respectively. On the other hand, the radiata model shows a decrease in MOE of 18.2% and 
6.8% for the 0.25% and 0.5% graphene, resulting in an unfavourable outcome, when compared to the 
control samples. In general, the study that was conducted shows just a prediction of the possible 
outcome that could occur when assuming a reinforcement of pure epoxy-base. This result has no 
concrete data from experiments that can validate this prediction, therefore further work can be done on 
multiple cross-section and duplicates in-order to further improve these results, and recommend epoxy-
based reinforcement as a reliable design method. 
 
Table 34: Comparing the MGP10 members reinforced with Epoxy-Based to the MGP10 members 











Deflection (mm) 3.712 3.823 -2.9 4.380 -15.25 
MOE (MPa) 6130.248 5743.1 6.7 5024.771 22 
 
Table 35: Comparing the Radiata members reinforced with Epoxy-Based to the Radiata members 











Deflection (mm) 9.498 7.713 23.1 9.078 4.6 













This chapter aimed to undertake an FEA to predict and validate the behaviour of the control samples 
and reinforced timber members, which is subjected to different loading conditions. The parametric 
study investigated in Chapter 3 was used to undertake a good approximation of the deflection that would 
produce an accurate result. The main findings of this chapter are presented below: 
  
• All Strand7 models for MGP10 and radiata members (control samples) compared to the 
experimental results for the identical member’s shows a logical agreement. This has also 
validated the method of using the isotropic brick elements to model the MGP10 and radiata 
member, despite the consideration of a single direction MOE. 
• All Strand7 models for the MGP10 and radiata members reinforced with 0.25% and 0.5% 
graphene show a higher variation compared to the control samples. The slight differences that 
were observed are mainly due to the unknown material properties of the graphene and epoxy 
used in this study. For this reason, the material property of graphene and epoxy was based on 
successful results obtained from the previous literature conducted by Yasmin & Daniel (2004) 
and Rafiee et. al. (2009). 
• Further analysis was conducted on an epoxy-based reinforced member to predict the possible 
behaviour of the member under different loading condition (2, 4, 6 and 8 kN). The result 
concluded that the radiata members has displayed effective results compared to the control 
samples. Similarly, the MGP10 members displayed an increase in strength and lower deflection 
values; however, for members with cross-section 45 mm by 70 mm, the member starts to fail 
above the 2 kN region. This is thought to be the effect of a lower GPL applied onto the width 
of the beam compared to other members that has a width of 70 mm. 
  
The findings of this chapter highlight the needs for further research to be done on this topic for both 
experimental and theoretical studies. This new reinforcement method using GPL/polymer 
nanocomposites has proven to be reasonably adequate, despite the errors and limitation. To achieve 
higher accuracy in results, a more precise material property should be identified. Additional samples 
need to be tested and a cost-benefit analysis should be conducted before adopting GPL/polymer 








Chapter 6 Conclusions 
 
6.1 Summary  
 
This project has investigated the structural behaviour of MGP10 and radiata members reinforced with 
different ratio of GPL/polymer nanocomposites layers and comparing its effectiveness against the non-
reinforced members. Different cross-section of 70 mm by 45 mm, 70 mm by 35 mm and 45 mm by 70 
mm for the MGP10 members were investigated to identify whether the cross-section would affect the 
bending behaviour of the reinforced members. An in-depth analysis was conducted on the results 
obtained from the experiment for individual members through the three-point bending flexural test to 
acquire the flexural strength and modulus of the members. A detailed parametric study was also 
conducted to obtain the effective modulus of elasticity, Poisson’s ratio and effective mass density at a 
different percentage of weight fraction for the GPL/polymer nanocomposites. Additionally, the 
parameter of the MGP10 material properties was obtained from the Australian Standards. Based on the 
obtained parametric values, finite element analyses was used to solve for the static deflections of the 
reinforced members, these values are then used to compare and validate against the experimental data’s. 
 
6.2 Conclusion  
 
From this research, it can be concluded that; 
  
• GPL/polymer nanocomposites layer reinforcement can increase the strength capacity of the 
MGP10 and radiata members under loading. Compared to the control samples, a reinforcement 
of a 0.5% graphene shows an average increase of 61.2%, while a reinforcement of 0.25% 
graphene displays an average of 70% increase for the MGP10 members. On the other hand, the 
radiata member shows an increase of 20% and 26% for the members reinforced with 0.5% and 
0.25% graphene, respectively. 
• Compared to the control samples, the MGP10 and radiata members reinforced with 0.25% 
graphene displayed an average increase in MOE of 14% and 11%, respectively; however, the 
0.5% graphene shows a decrease of 6% and 21% for the MGP10 and radiata members, 
respectively. This has proven the ability of the members reinforced with 0.25% graphene to be 
able to resist bending better, compared to the 0.5% graphene members. 
• GPL/polymer reinforcement also shows an increase in deflection for both 0.25% and 0.5% 
graphene, which displayed an average increase of 36% and 13.4%, respectively, compared to 
the control samples. 
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• Stnad7 FE models have successfully validated the control samples models observed from 
Strand7 and the experiment. However, the reinforced members show a slight difference, mainly 
due to the unknown material properties of graphene and epoxy used in the experiment. 
• Further analysis was conducted on a pure epoxy based reinforcement. The results show that 
above the 2 kN loading the epoxy starts to lose its effect compared to the control samples for 
the MGP10 members with cross-section 45 mm by 70 mm. On the other hand, the radiata and 
MGP10 models of cross-section 70 mm by 35 mm and 70 mm by 45 mm, reinforced with pure 
epoxy are more effective in resisting bending under the applied load, compared to the control 
samples. Overall, these values are just a prediction of the possible outcome that pure epoxy can 
have on a timber material. Due to the numerous errors and limitation, which involves the 
material properties, epoxy-based reinforcement was not considered a major finding in this 
study. 
  
Initially, it was predicted that a higher ratio of graphene would yield more effective results, however 
the reinforced 0.25% graphene displayed more effective results due to its high strength capacity and 
relatively low deflection observed compared to the 0.5% graphene and control samples. The undesirable 
result could be due to the dispersion process of the nanocomposites onto the members as the thickness 
observed is not consistent. A major contributing factor could also be due to the defects observed in the 
members, which has caused unpredictable results. Despite the errors and limitation, the experiment 
shows favourable results for the flexural strength of members reinforced with the nanocomposites, 
further research and experiment needs to be done before the possibility of recommending GPL/polymer 
nanocomposites as a new type of reinforcement method. 
 
6.3 Achievement of Project Objectives 
 
This project aims to investigate the potential relationship between timber materials reinforced with 
graphene nanocomposites. The specific objective described was conducted to assess the outcome of this 
project. 
  
Objective 1: Review the current standards of MGP10 timber in Australia and different type of 
reinforcement method involving the use of epoxy and graphene to gain an understanding of the 
current mechanical properties. 
  
An in-depth literature review has been undertaken to examine previous work done on different 
strengthening methods that are used on MGP10 timber and its mechanical properties. Due to this paper 
being the first to examine the strengthening method of a timber material based on GPL/polymer 
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nanocomposites, no literature review has been found which can be used as a comparison to my results. 
However, a sufficient amount of successful studies has been conducted on the different type of method 
to strengthen timber material using varies methods such as fibre reinforcement polymer or using steel 
plate as a reinforcement technique, which can be found in Chapter 2. 
  
Objective 2: Collecting timber material properties data from Australian Standards to use a 
representative set of data to predict the behaviour of reinforced timber member. 
  
The timber material for MGP10 structural pine is obtained from the Australia Standards AS1720.1:2010 
Structural Timber. As there is no explicit information on the Poisson ratio for MGP10 timber, another 
similar Australian grown pine specimen is known as the slash pine with a Poisson ratio of 0.444 was 
used in this study, which is discussed previously in Chapter 3. These values are also used in the Strand7 
FE software modelling shown in Chapter 5. 
  
Objective 3: Collecting structural performance data from testing of the timber member and 
compare its effectiveness through analysing the ultimate loading and deflection, modulus of 
elasticity (MOE), modulus of rupture and  
  
The experiment is separated into two parts. First parts consisted of collecting the required material and 
dispersing the correct ratio of graphene-epoxy onto the tension and compression side of the timber. The 
second part deals with the testing of each sample, which were subjected to loading of 1 mm per minute 
until failure to obtain the load-deflection graph. A total of 12 samples were tested, 3 samples were 
reinforced with 0.25% graphene, 3 samples reinforced with 0.5% graphene and the last 3 were used as 
control samples. Numerical studies were then conducted to determine the MOE and MOR, these values 
represent the strength and stiffness of the samples tested. The experiment was determined to be a success 
due to the members reinforced with graphene showing an increase in strength capacity compared to the 
control samples; however, the 0.25% reinforced graphene-displayed results that are more favourable. 
  
Objective 4: Conduct parametric studies to identify the effective material properties of 
GPL/polymer nanocomposite. Create a mathematical computer model using Strand7 to validate 
and predict the results obtained from the experiment based on parametric studies. 
  
As there are limited literature review that can identify the bending behaviour of timber reinforced with 
GPL/polymer nanocomposites. Strand7 FE model was used to validate the test results obtained in 
Objective 3. The literature review identified numerous research on the material properties of graphene 
and epoxy nanocomposites, which was then incorporated to determine the effective material properties 
of GPL/polymer nanocomposites. It was then identified that the effective material properties of the 
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reinforced nanocomposites material can be obtained through the uses of the modified Halpin-Tsai 
micromechanics model and the rule of mixture. This objective remains an uncertainty, due to the slight 
differences observed in the FE model, which was the results of inaccurate material properties that was 
adopted. 
  
Objective 5: Compare the ultimate deflection based on several loading conditions obtained from 
the model and experiment of the reinforced and non-reinforced timber member 
  
A comparison was made between the reinforced and non-reinforced member, as shown in chapter 3, 
showing that all reinforced members displayed a great increase in flexural strength compared to the 
control samples. However, members reinforced with 0.25% graphene displayed an increase in MOE 
with a relatively lower deflection, compared to members reinforced with 0.5% graphene. This result 
concluded that the effectiveness of 0.25% graphene is the superior ratio. This could be due to various 
factors, such as the inconsistent dispersion of the nanocomposites onto the timber, defects within the 
timber samples, moisture content or the limited testing samples that was conducted, which has all 
contributed to the inconsistency in the results. Overall, this experiment yields logical results, however, 
due to numerous errors and limitation surrounding this research project; further work has to be done 
before recommending using GPL/polymer nanocomposite layers as a widely reinforcement method. 
 
6.4 Recommendations and Future Work 
 
This research has underlined the potential of using GPL/polymer nanocomposites as a new 
reinforcement method for a structural MGP10 pine. As a result of the experiments, several 
recommendations can be made. 
  
• Experiment with a variety of duplicate samples to accurately validate the results presented in 
this study. 
• Conduct experimental and numerical studies on the buckling behaviour of MGP10 pine 
reinforced with GPL/polymer nanocomposites layers.  
• Conducting an experiment on several cross-section with larger differences could potentially 
display more effective results 
• Conduct an experiment on the bending and buckling of MGP10 pine member reinforced with 
pure epoxy based coating. 




• Numerical studies on the vibration analysis of MGP10 pine members reinforced with 
GPL/polymer nanocomposites layer. 
• Testing the bond strength between the graphene and epoxy nanocomposites and the timber. 
• Assess the cost-benefit of GPL/polymer nanocomposites to demonstrate the overall benefit of 
this new method compared to the conventional method. 
• Investigate the effect of moisture content in the timber material to further increase the accuracy 
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1. Conduct a literature review on the possible use of graphene on timber structural members 
(strength and fire aspects).  
 
2. Review existing standards for testing of timber structures. 
 
3. Designing and planning the experiments. Test variables include: 
- Member cross section 
- Thickness epoxy coating 
- Length 
- Graphene percentage 
 
4. Evaluate the Strength and deflection using strand7 Programme and comparing it to the 
experimental results 
 
5. Prepare an academic dissertation. 
 
If time and resource permit: 
 
6. Conduct test on column buckling of the timber reinforced with Epoxy + Graphene 
 









































































































Three-Point Bending Test for the MGP10 


































184 mm by 19 mm radiata member reinforced with 
0.25% graphene 
45 mm by 70 mm MGP10 structural pine member 
reinforced with 0.25% graphene 
  
  
70 mm by 45 mm MGP10 structural pine member 
reinforced with 0.25% graphene 




70 mm by 35 mm MGP10 pine member 
45 mm by 70 mm MGP10 structural pine member 































































GPL/polymer nanocomposites layer based dimension are; 
 
𝑙01& = 2.5	𝜇𝑚,𝑤01& = 1.5𝜇𝑚	𝑎𝑛𝑑	ℎ01& = 1.5𝑛𝑚 
 
 
Vm Vf EL ET w.t.%GPL w.t. Ec (MPa) Vc pc 
1.0000 0.0000 3000.0000 3000.0000 0.000 0.0 3000.0000 0.34000 1200.0000 
0.9989 0.0011 4035.8402 3976.3956 0.001 0.1 3998.6873 0.33983 1199.8415 
0.9977 0.0023 5071.3477 4952.5929 0.002 0.2 4997.1260 0.33965 1199.6831 
0.9966 0.0034 6106.9330 5928.9788 0.003 0.3 5995.7116 0.33948 1199.5247 
0.9955 0.0045 7142.4591 6905.4245 0.004 0.4 6994.3124 0.33930 1199.3664 
0.9943 0.0057 8177.9261 7881.9297 0.005 0.5 7992.9284 0.33913 1199.2081 
0.9932 0.0068 9213.3341 8858.4947 0.006 0.6 8991.5595 0.33895 1199.0498 
0.9921 0.0079 10248.6830 9835.1193 0.007 0.7 9990.2057 0.33878 1198.8916 
0.9910 0.0090 11283.9728 10811.8036 0.008 0.8 10988.8671 0.33861 1198.7334 
0.9898 0.0102 12319.2036 11788.5476 0.009 0.9 11987.5436 0.33843 1198.5753 
0.9887 0.0113 13354.3753 12765.3513 0.010 1.0 12986.2353 0.33826 1198.4172 
0.9876 0.0124 14389.4879 13742.2147 0.011 1.1 13984.9421 0.33809 1198.2591 
0.9864 0.0136 15424.5415 14719.1378 0.012 1.2 14983.6642 0.33791 1198.1011 
0.9853 0.0147 16459.5360 15696.1206 0.013 1.3 15982.4014 0.33774 1197.9432 
0.9842 0.0158 17494.4715 16673.1632 0.014 1.4 16981.1538 0.33756 1197.7852 
0.9831 0.0169 18529.3480 17650.2654 0.015 1.5 17979.9214 0.33739 1197.6273 
0.9819 0.0181 19564.1655 18627.4274 0.016 1.6 18978.7042 0.33722 1197.4695 
0.9808 0.0192 20598.9239 19604.6491 0.017 1.7 19977.5021 0.33704 1197.3117 
0.9797 0.0203 21633.6233 20581.9306 0.018 1.8 20976.3153 0.33687 1197.1539 
0.9785 0.0215 22668.2636 21559.2718 0.019 1.9 21975.1437 0.33670 1196.9962 
0.9774 0.0226 23702.8450 22536.6727 0.020 2.0 22973.9873 0.33652 1196.8385 
0.9763 0.0237 24737.3674 23514.1335 0.021 2.1 23972.8462 0.33635 1196.6809 
0.9752 0.0248 25771.8308 24491.6539 0.022 2.2 24971.7202 0.33618 1196.5233 
0.9740 0.0260 26806.2351 25469.2342 0.023 2.3 25970.6095 0.33600 1196.3658 
0.9729 0.0271 27840.5805 26446.8742 0.024 2.4 26969.5141 0.33583 1196.2082 
0.9718 0.0282 28874.8669 27424.5740 0.025 2.5 27968.4338 0.33566 1196.0508 
0.9707 0.0293 29909.0943 28402.3336 0.026 2.6 28967.3688 0.33548 1195.8933 
0.9695 0.0305 30943.2628 29380.1529 0.027 2.7 29966.3191 0.33531 1195.7360 
0.9684 0.0316 31977.3723 30358.0321 0.028 2.8 30965.2847 0.33514 1195.5786 
0.9673 0.0327 33011.4228 31335.9711 0.029 2.9 31964.2654 0.33496 1195.4213 
0.9662 0.0338 34045.4143 32313.9698 0.030 3.0 32963.2615 0.33479 1195.2640 
0.9650 0.0350 35079.3469 33292.0284 0.031 3.1 33962.2728 0.33462 1195.1068 
115 
 
0.9639 0.0361 36113.2206 34270.1468 0.032 3.2 34961.2995 0.33444 1194.9496 
0.9628 0.0372 37147.0353 35248.3250 0.033 3.3 35960.3414 0.33427 1194.7925 
0.9617 0.0383 38180.7910 36226.5631 0.034 3.4 36959.3985 0.33410 1194.6354 
0.9606 0.0394 39214.4879 37204.8609 0.035 3.5 37958.4710 0.33393 1194.4784 
0.9594 0.0406 40248.1258 38183.2186 0.036 3.6 38957.5588 0.33375 1194.3213 
0.9583 0.0417 41281.7048 39161.6362 0.037 3.7 39956.6619 0.33358 1194.1644 
0.9572 0.0428 42315.2248 40140.1136 0.038 3.8 40955.7803 0.33341 1194.0074 
0.9561 0.0439 43348.6860 41118.6509 0.039 3.9 41954.9140 0.33324 1193.8505 
0.9550 0.0450 44382.0882 42097.2480 0.040 4.0 42954.0631 0.33306 1193.6937 
0.9538 0.0462 45415.4315 43075.9050 0.041 4.1 43953.2274 0.33289 1193.5369 
0.9527 0.0473 46448.7160 44054.6219 0.042 4.2 44952.4072 0.33272 1193.3801 
0.9516 0.0484 47481.9415 45033.3986 0.043 4.3 45951.6022 0.33255 1193.2234 
0.9505 0.0495 48515.1082 46012.2352 0.044 4.4 46950.8126 0.33237 1193.0667 
0.9494 0.0506 49548.2159 46991.1317 0.045 4.5 47950.0383 0.33220 1192.9101 
0.9482 0.0518 50581.2648 47970.0881 0.046 4.6 48949.2794 0.33203 1192.7535 
0.9471 0.0529 51614.2549 48949.1044 0.047 4.7 49948.5358 0.33186 1192.5969 
0.9460 0.0540 52647.1860 49928.1806 0.048 4.8 50947.8077 0.33168 1192.4404 
0.9449 0.0551 53680.0583 50907.3168 0.049 4.9 51947.0948 0.33151 1192.2839 








































































Member with cross section 184 mm by 19 mm 
 
 
 
